This paper presents peak-to-average power ratio (PAPR) 
Introduction
Underwater acoustic channels are considered as "quite possibly nature's most unforgiving wireless medium" [1] .The ocean environment characteristics drive the complexity of underwater acoustic communications systems which can be summarized as simultaneously limited bandwidth, excessive multipath delay spread, severe Doppler-drift and time variability [2] - [4] . These make the coherent transceiver of high data rate underwater communication systems much more complicated. Nevertheless, underwater communication has been used since the beginning of the 20th century and the performance of signal processing systems for underwater acoustic communications has dramatically increased over the last two decades [5] - [7] .
OFDM has proven to be an efficient underlying technology for underwater acoustic communication [8] - [10] . It increases the symbol interval and thereby decreases the inter-symbol interference. It also converts a frequency selective channel into a set of parallel frequency-flat sub-channels, thus greatly simplifying receiver equalization. A major drawback of OFDM transmission, however, is its PAPR [11] - [13] which increases operational requirements of the linear power amplifier in the transmitting equipment leading not only to an increased cost but also an increased power consumption which is not desired especially at the uplink transmitter.
A number of techniques have been developed to reduce PAPR in OFDM communication systems [14] and the DFT-Spread OFDM system [15] is a promising alternative of such investigations. This scheme was first proposed in [16] . In this scheme, data symbols are spread over several subcarriers by DFT, and this is followed by ordinary OFDM processing. With an extra DFT block prior to the conventional OFDM transmitter, it proves to be an effective way of combining the benefits of OFDM with a low PAPR transmission signal. As such it has already been selected as the uplink modulation scheme for the upcoming Long Term Evolution of 3G systems under the work item of Evolved-UTRA by 3GPP [17] .
The rest of the paper is organized as follows. In the next Section, the PAPR and channel estimation performances of DFT-Spread OFDM over underwater acoustic are addressed in detail. Simulation and Experiment results in the experimental pool of Xiamen University are performed in Section III, as well
PERFORMANCE ANALYSIS

PAPR
Suppose that the symbol mapping of the input data { , 0 2 1} 
PAPR is defined as the ratio of the maximum to the average power during an transmission symbol period. For n x , we therefore have
where ( ) E × denotes the expected value. The structured mapping between the DFT spread symbols and sub-carriers enables the transmitted signal to have a low PAPR in the DFT-Spread OFDM system. Except for the DFT spreading and the structured symbol to sub-carrier mapping, it is identical to OFDM.
Channel Estimation
The two basic types of pilot arrangement for DFT-Spread OFDM channel estimations are illustrated in Figure 1 . One is block-type pilot based channel estimation, and the other is comb-type pilot based channel estimation.
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Figure1. Two Basic Types of Pilot Arrangement for DFT-Spread OFDM Channel Estimations
The block-type pilot based channel estimation is performed by inserting pilot tones into all subcarriers of symbols within a specific period which is developed under the assumption of slow fading channel. And the comb-type pilot based channel estimation is introduced to satisfy the need for equalization when the channel changes even from one DFT-Spread OFDM block to the subsequent one. Here the interpolation is needed to estimate the conditions of data subcarriers since it is performed by inserting pilot tones into certain subcarriers of each symbol. In the next sections, the processing of these two basic methods will be described.
Block-Type Pilot Channel Estimation
As shown in Figure 1( 
The LMMSE estimation of H can be obtained by 2 1 ( ( ( ) ( ) ) 1) 
Comb-Type Pilot Channel Estimation
Then the basic task is, according to the LS estimates at pilot subcarriers P 
SIMULATION AND EXPERIMENT
Simulation
The PAPR performance of OFDM and DFT-Spread OFDM signals are simulated. The system parameters for the simulation are indicated in Table 1 . The results are shown in Figure 2 . Figure 3 . The abscissa is the PAPR values, and the ordinate is the probability that the PAPR is larger than a certain threshold. As can be seen from figure, when CCDF is in excess of 0.01, the PAPR value of DFT-Spread OFDM system is about 7.5db, in which the OFDM system is about 10.8db. The former has an improvement about 3.3dB.
Figure3. CCDF of Traditional OFDM and DFT-Spread OFDM systems
The BER performance of the DFT-Spread OFDM system is simulated over a Rayleigh fading channel. Suppose that the time synchronization and frequency synchronization are perfect and the signals transmit without any distortion. The guard interval is chosen to be longer than the maximum delay spread in order to avoid inter-symbol interference. Simulations are carried out for different signal-to-noise ratios (SNR). The results are shown in Figure 4. 
Experimental pool results
The experiment was carried out at the experimental pool in Xiamen University. System specifications for the experiment are the same as in the simulation. The location of the transmitter and the receiver is 0.8m under water, and the distance between them is 7m. Both of them kept still during the experiment.
LFM signals are appended before the data sequence at the transmitter. At the receiver, synchronization is achieved via correlating the received samples with the known LFM sequence. Then the received data are divided into DFT-Spread OFDM processing.
Table2. EXPERIMENT POOL RESULTS (BER)
No. As seen from Table 2 , comparing with no channel estimation, the proposed channel estimation methods can greatly improve the system performance. Especially, the performance of block-type pilot based LS channel estimation is much better than comb-type pilot based channel estimation at the experimental pool. The average BER of block pilot based method was 0.82%, while the average BERs of comb-type pilot based channel estimation are about 3.6% with a maximum value of 6.36% and a minimum value of 2.52%. That is because the experimental pool channel is stable which can achieve high SNR, and the channel impulse response at every sub-carrier is calculated accurately by the block pilot based channel estimation. While in the comb-type pilot based channel estimation, the channel impulse response is estimated by interpolation. The actual performances of the algorithms still need to be compared in shallow water experiments.
No channel estimation
LS
Shallow water experiments
The experiment was also carried out in the shallow water near Xiamen Port. The distance between transmitter and receiver was 2km. And the locations of the transmitter and receiver were about 4 meters under water. Table 3 is the BER performance of the experiment in the real marine underwater acoustic channels. As can be seen from the table that the block-type pilot based LS channel estimation didn't achieve desirable results. The minimum value of BER is 10.67%. The average BER is 13.49%, and the maximum value of BER even reached 18.57%. The block-type pilot based LMMSE channel estimation achieves a much better result, which gets an average BER of 6.90%. The minimum even reached 5.97%, and the maximum was just 8.20%. In comparison, comb-type pilot based channel estimation can achieve a stable and good performance. BER were below 10% in the most cases. Exploiting different kinds of interpolation methods, the average BER were 8.80% and 6.96% respectively. The minimum BER even reached 4.37%.
Table3. EXPERIMENT RESULTS IN SHALLOW WATER
(
Conclusion
Through simulations and experiments, this paper presents the PAPR and BER performances of the DFT-Spread OFDM system over underwater acoustic channels. The structured mapping between the DFT spread symbols and sub-carriers enables the transmitted signal to have a low PAPR. A diversity gain is achieved by the application of an additional DFT operation in this scheme. The results in a benign underwater channel show that, comparing with the OFDM systems, the proposed DFT-spread OFDM system will achieve satisfactory PAPR suppression and BER performances. The study demonstrates that the DFT-spread OFDM transmission system is applicable for underwater acoustic communications.
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